The global physiological effects of glucocorticoids are well established, and the framework of transcriptional regulation by the glucocorticoid receptor (GR) has been described. However, the genes directly under GR control that trigger these physiological effects are largely unknown. To address this issue in a single cell type, we identified glucocorticoid-responsive genes in A549 human lung adenocarcinoma cells by microarray analysis and quantitative real-time PCR. Reduction of GR expression by RNA interference diminished the effects of dexamethasone on all tested target genes, thus confirming the essential role of GR in glucocorticoid-regulated gene expression. To identify primary GR target genes, in which GR is a component of the transciptional regulatory complex, we developed a strategy that uses chromatin immunoprecipitation to scan putative regulatory regions of target genes for sites occupied by specifically bound GR. We screened 11 glucocorticoid-regulated genes, and we identified GR-binding regions for eight of them (five induced and three repressed). Thus, our approach provides a means for rapid identification of primary GR target genes and glucocorticoid-response elements, which will facilitate analyses of transcriptional regulatory mechanisms and determination of hormone-regulated gene networks.
G
lucocorticoids are steroid hormones that influence cellular differentiation and developmental processes, as well as many aspects of mammalian physiology. Glucocorticoids exert their actions by means of the intracellular glucocorticoid receptor (GR), which associates with genomic glucocorticoidresponse elements (GREs) upon binding to hormones (1, 2) . The bound receptor functions within multicomponent transcriptional regulatory complexes, of which the composition and function are determined, at least in part, by the structure of the bound ligand, the sequence and organization of the response element, and the ''menu'' of available cofactors within the responsive cell. Even within a single cell type, GR can activate some genes and represses others, underscoring the importance of response elements as determinants of regulatory complex activity (1, 2) .
Notably, most studies of GR-regulatory mechanisms have used synthetic reporter constructs containing multimerized idealized GREs. These systems do not accurately represent bona fide GREs at chromosomal genes, which are typically ''composite elements'' that recruit GRs together with other regulators and cofactors to form large, multicomponent regulatory complexes (3, 4) . Within a given cell type or tissue, the physiological response to glucocorticoids is composed of a network of responsive genes, each of which is controlled by a gene-specific regulatory complex. Although hormonal ligands and genomic response elements are clearly involved in specifying the composition and function of these complexes, the details, or ''rules,'' that govern this important combinatorial process have not been determined.
To approach these issues, we need to identify within a single cell type a set of ''primary'' GR target genes. Here, we define genes at which GR occupies the GREs either by direct DNA binding or by means of protein-protein interactions with bound factors. Comparison of different regulatory complexes within that cell-specific set of genes could then reveal the determinants of specificity. Because glucocorticoids alter the expression of both primary and secondary target genes (which are modulated by the product of a primary target gene rather than by GR), an initial challenge is to distinguish between these two classes. Thus, it is essential to detect multiple primary GR targets as a first step in assessing the composition and activity of regulatory complexes assembled at different response elements.
Here, we describe a straightforward and systematic strategy to identify primary GR target genes in any cell type. In this study, we used A549 lung adenocarcinoma cells, which express functional GR and display characteristics of type II alveolar epithelial cells (5, 6) . Notably, glucocorticoids play important roles in lung development and physiology (7) (8) (9) and are commonly used to treat respiratory diseases, such as asthma and chronic lung diseases, because of their potent immunosuppressive and antiinflammatory activities (10, 11) . Our experimental approach was to use DNA microarrays to identify genes whose expression is modulated by glucocorticoid treatment and then to develop an efficient strategy for defining the subset of those genes that are primary targets of GR.
Materials and Methods
Microarray and Quantitative Real-Time PCR (qPCR). Methods of microarray and qPCR have been described (12) . GenBank accession numbers and gene information can be found in the Source database (available at http:͞͞genome-www5.stanford. edu͞cgi-bin͞source͞sourcesearch). All primer sequences used in this article are available by request.
ting. Total RNA was prepared by using the RNeasy kit (Qiagen, Valencia, CA).
Chromatin Immunoprecipitation (ChIP). ChIP was performed as described in ref. 15 , with a few modifications. First, A549 cells were cross-linked at room temperature for 10 min. Second, N499 antibody raised against GR was added to cleared chromatin extract and incubated with rotation at 4°C overnight. Last, qPCR was used to monitor ChIP results. qPCRs (35 l) contained 1.25 units of Taq enzyme (Promega), 1ϫ reaction buffer, 1.5 mM MgCl2, 0.5 mM dNTP (Invitrogen), 0.2ϫ SYBR green I dye (Molecular Probes), 357 nM primer (each), and an appropriate amount of DNA. Typically, cells collected from three 150-mm plates (5 ϫ 10 8 cells) could be used for 40-50 qPCRs.
Cell Lines, Plasmids, and Transfections. GR-binding regions identified from ChIP scanning were amplified by PCR. The PCR fragments were digested by appropriate restriction enzymes and subcloned into a pGL3-Basic reporter plasmid, which lacks any promoter sequences, or pGL3-Promoter, which contains SV40 TATA sequences (Promega). GR-binding regions located within the first 500 bp upstream of the transcription start site were inserted into pGL3-Basic, whereas GR-binding regions located beyond the proximal 500 bp of the transcription start site were inserted into pGL3-Promoter. QuikChange mutagenesis kit was used to make site-directed mutations according to the manufacturer's technical manual (Promega). The culturing of A549 cells, transfection, and assay for ␤-galactosidase and luciferase activity were performed as described in ref. 13 .
Results and Discussion

Identification of Glucocorticoid-Responsive Genes in A549 Human
Lung Adenocarcinoma Cells. Total RNA of A549 cells that were treated with dexamethasone or ethanol (as a vehicle control) for 6 h was isolated for comparative expression surveys by using DNA microarrays that represent 29,778 independent human genes (12) . Cycloheximide, an inhibitor of de novo protein synthesis, was added to minimize potential secondary effects and focus mainly on primary glucocorticoid target genes. Overall, 108 genes were induced, whereas 73 genes were repressed Ͼ2-fold in these microarray experiments. We then used qPCR to confirm the regulation of glucocorticoid target genes of which the full-length cDNA sequences are available. As shown in Table  1 , we confirmed 50 glucocorticoid-induced and 21 glucocorticoid-repressed genes. The regulation of these target genes at 2, Other and unknown functions
GenBank accession numbers are given in parentheses for all genes. *Gene induction or repression is inhibited by GR RNAi. The remaining genes have not been tested. Tables 2 and 3 , which are published as supporting information on the PNAS web site.
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Among these 71 confirmed genes, some genes [such as ENaC␣ (16), FKBP5 (17) , FLAP (18) , and SNK (19) ] have been reported to be glucocorticoid-responsive in A549 or other cell types, whereas others appeared to be newly identified targets. Overall, our results revealed several important aspects of glucocorticoid actions in A549 cells. First, we identified genes that are likely to mediate the antiproliferative, antiapoptotic, and antiinflammatory effects of glucocorticoids (Table 1) . Furthermore, in addition to ENaC␣, we detected another glucocorticoid-induced gene, stomatin, which may be involved in the regulation of sodium transport (20) . The Caenorhabditis elegans homolog of stomatin (mec-2) acts in the same genetic pathway as two C. elegans homologs of ENaC (mec-4 and mec-10) (21), and MEC-2 protein has been shown to potentiate the transport activities of MEC-4 and MEC-10 in Xenopus oocytes (22) . Finally, glucocorticoids also regulated a member of the choline͞ethanolamine kinase family, EKI2 (23) , which may be involved in phospholipid biosynthesis required for surfactant production. Thus, in A549 cells, it appears that elements of at least five glucocorticoidregulated gene networks, including growth inhibition, antiapoptosis, antiinflammation, sodium transport, and surfactant production, may be operative in a single cell context. Interestingly, glucocorticoids appeared to regulate two genes in a counterintuitive manner; FLAP, which is a 5-lipoxygenase-activating protein that is involved in the production of inflammatory mediators leukotrienes (24) , and CCL20, which is a chemokine (25) , were glucocorticoid-induced rather than glucocorticoidrepressed. The physiological significance of these observations has not yet been examined. Notably, we also uncovered genes whose regulation by glucocorticoids had not, to our knowledge, been noted, and Ϸ15% of the primary GR target genes were of unknown function (Table 1) .
GR Is Essential for the Regulation of Target-Gene Expression by
Glucocorticoids. To assess the role of GR in the regulation of target-gene expression by glucocorticoids, we reduced the expression of GR by RNAi in A549 cells and then tested whether identified target genes remained glucocorticoid-responsive. As shown in Fig. 1A , the transfection of GR siRNA into A549 cells reduced the expression of GR protein profoundly, whereas the expression of actin was not affected. As a negative control, transfection of EGFP siRNAs into A549 cells did not influence the expression of GR (Fig. 1 A) . We isolated RNA from cells transfected with either EGFP or GR siRNAs and treated with either ethanol or dexamethasone. We then compared the regulation of target-gene expression by glucocorticoids in EGFP and GR siRNA transfected cells by using qPCR. As shown in Fig.  1 B and C, GR RNAi dramatically compromised glucocorticoid responses of four (two glucocorticoid-induced and two glucocorticoid-repressed) representative glucocorticoid target genes. Overall, the glucocorticoid-regulated expression of all of the 42 confirmed target genes that we analyzed was reduced severely in GR siRNA transfected cells (Table 1) , confirming the essential role of GR in glucocorticoid target-gene expression.
Using a ''ChIP Scanning Assay'' to Identify GREs in Glucocorticoid
Target Genes. An essential step in understanding the combinatorial specificity of glucocorticoid-regulated gene transcription in vivo is the identification of multiple GREs within a single cell type that control a set of primary GR target genes. Searching for these elements by scanning for consensus or idealized binding sequences is insufficient because bona fide genomic GR-binding sites have been shown to display considerable sequence variability, and GR associates with some GREs by protein-protein interactions with non-GR DNA-bound factors rather than by direct DNA binding. Therefore, identifying primary GR target genes requires demonstration of GR occupancy and function at GREs.
To identify genomic segments occupied in vivo by GR, we developed a ChIP scanning assay that can survey Ϸ3 kb of DNA upstream of glucocorticoid-responsive genes rapidly and easily. In this method, we followed a standard ChIP procedure (15) of formaldehyde cross-linking of A549 cells, shearing of chromatin to 300-to 800-bp fragments, and precipitating cross-linked GR-DNA complexes with GR-specific antibody. We then performed qPCR on the precipitated DNA fragments by using for each gene six pairs of oligonucleotide primers that would amplify Ϸ100-bp segments. Each fragment was separated by Ϸ400 bp upstream of a GR-responsive gene (relative to the transcription start site) and, thus, spanned Ϸ2.5 kb. Given the average size of the sheared DNA fragments (Ϸ550 bp), this arrangement of amplified sequences will scan effectively for GR occupancy in a Ϸ3 kb segment of upstream DNA. Because we routinely carry out qPCR in a 96-well-plate format, we can scan seven genes together with a set of standards in a single-plate assay. The assay should be readily adaptable to a 384-well-plate format, which would permit scanning of 31 genes per plate. Clearly, this procedure would miss genes with GREs outside of the 3-kb surveyed segment, but the method is highly efficient, and many regulatory elements have been shown to reside within the targeted region.
Primary GR-Induced Genes. Using this method, we scanned for GREs in eight glucocorticoid-induced and three glucocorticoidrepressed genes. As shown in Fig. 2 , GR-binding regions were found in the following five glucocorticoid-induced genes: GILZ, THBD, SDPR, SLC19A2, and PPG. However, we did not detect significant GR occupancy close to the following three other glucocorticoid-activated genes: ANGPTL4, EKI2, and IHPK3. Conceivably, the GREs for these genes reside outside of the 3 kb of promoter-proximal DNA, or they may be secondary rather than primary target gene. Alternatively, the epitope detected by our GR antibody may be unavailable in the regulatory complexes assembled at these three GREs. To test whether the identified GR-binding regions are glucocorticoid-responsive, we inserted each of them into reporter constructs encoding firefly luciferase. The average amplified fragment size of qPCR is Ϸ100 bp; however, because sheared ChIP fragments in our experiments are 300-800 bp, the PCR fragments do not necessarily include GREs. Therefore, we subcloned segments that extend Ϸ300 bp upstream and downstream of each ChIP fragment into reporter plasmids. For GILZ, we subcloned a 1-kb fragment that contains 300 bp upstream from nucleotide Ϫ2,220 and 300 bp downstream from nucleotide Ϫ1,794 into a reporter (Fig. 3, pGILZ1) because two ChIP fragments that showed strong GR binding are within 500 bp (Fig. 2 A, amplified nucleotides Ϫ2 ,220 to Ϫ2,133 and Ϫ1,919 to Ϫ1,794, relative to the predicted transcriptioninitiation site).
As shown in Fig. 3 , treatment with dexamethasone induced strong luciferase expression from reporters that contain the GR-binding fragment of GILZ (pGILZ1), SLC19A 2 (pSLC19A2), or the proximal SDPR GR-binding region (pSDPR1). A reporter construct containing the distal SDPR GR-binding region did not confer dexamethasone regulation in A549 cells (Fig. 3, pSDPR2) . Overall, these results confirm that GR-binding regions identified for GILZ, SDPR, and SLC19A2 contain functional GREs.
To localize precisely the GRE sequences within the fragments implicated by ChIP scanning and functional assays, we identified and mutated sequences that contain at least six of eight conser ved nucleotides of the consensus GR-binding site (ACANNNTGTTNT) (26) . In this article, we focus on the four sites found within the GILZ GR-binding fragment (Fig. 4A) . In each case, we mutated the TGT segment because these three positions appear to be especially important for GRE activity (27) . Mutating the potential sites one at a time, we found that mutation of three of the four sites resulted in reduced glucocorticoid responses (Fig. 4, pGILZ1.1, pGILZ1.3 , and pGILZ1.4) and, therefore, contribute to overall GILZ GRE activity (pGILZ1.5). This analysis demonstrates that ChIP scanning efficiently identifies functional response elements.
Interestingly, the GR-binding regions of THBD or PPG promoters did not confer dexamethasone responsiveness when transfected into A549 cells (Fig. 3, pTHBD1, pTHBD2 , and pPPG1). One interpretation of these results is that, although these regions are occupied by GR, they may require accessory regulatory regions (for PPG) or the combination of multiple GR-binding sites (for THBD) to mediate glucocorticoid responses. The former scenario would be reminiscent of the GRE that controls rat PEPCK expression, in which the isolated GR-binding sites fail to confer glucocorticoid responsiveness in a reporter assay (28) , but hormonal regulation is recovered upon addition of adjacent sequences that do not themselves bind GR (29) . Indeed, we found that a fragment that includes additional upstream sequences together with the GR-binding region of PPG (Ϫ1,458 to ϩ90) displayed GRE activity (Fig. 3, pPPG2) .
Overall, three of five identified primary GR-induced genes (GILZ, SDPR, and THBD) contained multiple GR-binding sites. Interestingly, neither GR-binding site of THBD con- ferred glucocorticoid responsiveness when tested individually, whereas one of the GR-binding fragments of SDPR was an active GRE, and both GR-binding regions of GILZ were functional. Furthermore, in addition to the GR-binding site, other regulatory regions of PPG were required for hormonal response. Thus, the mechanisms by which glucocorticoids activate these genes may be varied and distinct. Overall, most naturally occurring GREs appear to be composite elements, which typically contain binding sites for multiple DNA-binding regulators.
Primary GR-Repressed Genes. We also scanned the putative regulatory regions of three glucocorticoid-repressed genes (SNK, GEM, and BHLHB2) and identified by ChIP at least two GR-occupied sites associated with each gene (Fig. 2 F-H) . Various GR-binding fragments from these three genes were used to create five reporter constructs to assay for functional GREs (Fig. 5) . Expression from three of these reporters in transfected A549 cells was reduced significantly by treatment with dexamethasone (Fig. 5) , including reporters that contained either of the GR-binding regions of SNK (Fig. 5, pGL3P-SNK1 and pGL3P-SNK2), or the proximal GR-binding region of GEM (nucleotides Ϫ676 to ϩ25; Fig. 5, pGL3P-GEM1 ). In contrast, reporters containing the distal GR-binding region of GEM (nucleotides Ϫ2,119 to Ϫ1,450; Fig. 5, pGL3P-GEM2 ) or a GR-binding region of BHLHB2 (which contains two GRbinding regions; Fig. 5 , pGL3P-BHLHB2) responded only weakly to dexamethasone. Perhaps the glucocorticoid response of BHLHB2 gene requires regulatory regions outside of the GR-binding sites, as with the PPG gene described above. In the case of GEM, the distal GR-binding site (nucleotides Ϫ2,119 to Ϫ1,450) may play an accessory role for proximal GR-binding site (nucleotides Ϫ676 to ϩ25).
Overall, our experiments demonstrate that ChIP scanning can efficiently identify small regions that contain active GREs functionally occupied by GR. The basis of this strategy is to screen for sequences occupied by a given regulator adjacent to genes known to be altered in their expression when that regulator is active. An alternate approach, which combines ChIP and DNA microarray analysis (called ''ChIP on chip''), first screens for genomic binding sites for a particular regulator and then seeks genes linked to those sites that may be controlled by that regulator (30) (31) (32) . Although ChIP on chip is powerful, it is a more complicated procedure, requires whole-genome microarrays, and tests for function at the end of the analysis. In contrast, ChIP scanning begins with function and proceeds to identification of the subset of primary target genes and analyses of regulatory sequences and complexes.
Conclusion
In this article, we identified primary GR target genes, as well as information that is critical for pursuing the physiological and pharmacological effects of glucocorticoids and deciphering fundamental aspects of the evolution and function of generegulatory networks. Although an analysis of the gene networks that specify glucocorticoid action in lung is beyond the scope of this study, our results identified a series of genes involved in antiproliferation, antiapoptosis, antiinflammation, and surfactant synthesis, all of which are primary glucocorticoid-controlled processes in lung epithelia. Thus, our findings provide a strong basis for determination of the gene-control circuits in lung that are governed by GR. Both physiological studies and mechanistic investigations of network functions require that we sort the primary GR target genes from among the full set of responding genes detected on the microarrays. Hence, we developed the ChIP scanning strategy, which efficiently detects and localizes sites of GR occupancy in vivo close to responsive genes. Moreover, the approach should be general: identifying regulated genes, localizing regulator binding regions in vivo, and testing their functionality in cellbased reporter assays.
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